1. Introduction {#sec0005}
===============

The World Health Organization (WHO) estimates that, in 2012, 12.6 million deaths globally, representing 23% of all deaths, were attributable to the environment ([@bib0265]). When accounting for premature mortality and disability, the fraction of the global burden of disease due to the environment was 22% (95% confidence interval (CI) 13--32%) ([@bib0265]). In children aged below 5 years, up to 26% (95% CI: 16--38%) of all deaths could be prevented if environmental risks were removed. Environmental factors might play a role in more than 80% of major diseases and injuries around the world and are among the biggest killers. Diseases with the largest environmental contribution in children under the age of 5 years include lower respiratory infections (32%), diarrhoeal diseases (22%), neonatal conditions (15%) and parasitic and vector-borne diseases (12%) ([@bib0270]).

Among the environmental factors, food and water contaminations are of particular relevance in the transmission of diseases. Several millions of children die each year from acute diarrheal diseases, and the majority of these deaths are likely due to contaminated food or water. Hence, it is important for public health interventions to pay particular attention to these two diseases. However, the true burden of food-borne and water-borne diseases is difficult to quantify. The challenges in many parts of the world concern how to generate evidence on risks related to environmental contaminations under climate change in different contexts, particularly in low-and middle-income countries (LMICs).

The recent Intergovernmental Panel on Climate Change (IPCC) "Special Report on the Impacts of Global Warming of 1.5 °C" ([@bib0135]) states that "climate-related risks to health, livelihoods, food security, water supply, human security, and economic growth are projected to increase with global warming of 1.5 °C and to increase further at 2 °C. Any increase in global warming is projected to affect human health, with primarily negative consequences (high confidence). Risks from some vector-borne diseases, such as malaria and dengue fever, are projected to increase with warming from 1.5 °C to 2 °C, including potential shifts in their geographical range (high confidence)". The pathways through which climate change and climate variability will affect human health are through different processes linked to various social, environmental, ecological and economic factors, and the spread, survival and growth of pathogens play a central role in diseases transmission (see [Fig. 1](#fig0005){ref-type="fig"} ).Fig. 1Pathways of climate change effects on health with particular highlights of human infectious diseases (water-, food- and vector-borne diseases).Fig. 1

Humans must be exposed to pathogens to contract a number of diseases. Pathogens, vectors and hosts survive and reproduce within a range of optimal climatic conditions ([@bib0235]). Temperature and precipitation, in particular, play a major role in the transmission of diseases ([@bib0050]; [@bib0070]). Precipitation can influence the transport and dissemination of infectious agents, particularly through water and sanitation systems ([@bib0035]), while temperature can affect the growth and survival of pathogens and vectors ([@bib0235]).

There are three important categories of infectious diseases sensitive to climate change: (i) water-borne diseases; (ii) food-borne diseases; and (iii) vector-borne diseases ([@bib0045]). Human exposure to water-borne infections occurs by contact with contaminated drinking water, recreational water or food. Water-and food-borne diseases are linked to the ingestion of pathogens via contaminated water or food, while vector-borne diseases are linked to the infections transmitted by arthropods, such as mosquitoes.

Climate change and climate variability will, therefore, affect the burden of climate-sensitive infectious diseases, particularly water-borne and food-borne diseases. There are warnings that in many regions of the world, it is likely that climate change trends will exacerbate the health risks associated with deficiencies in water, sanitation and hygiene ([@bib0030]). Climate change can affect food- and water-borne diseases through the following pathways ([@bib0230]):-direct impacts, in the case of extreme events like floods and sea-level rise, where water can be contaminated due to presence in the environment of fecal-oral pathogens; and-indirect impacts, through climatic factors (like temperature and humidity) that influence processes of pathogens multiplication and survival, and other issues (e.g. agriculture, water resource management, conflicts, displacements, etc.).

Climate change related health effects also present a huge inequity dimension, as the risks are linked to the environmental systems and the social conditions ([@bib0170]). It is widely acknowledged that LMICs are particularly affected by climate change impacts, while there is less research undertaken in many of these most affected regions ([@bib0160]). In LMICS, a number of important issues require particular attention, such as: (i) What are the likely climate change effects on infectious diseases, particularly for the most vulnerable areas and groups? (ii) How can we implement integrated approaches (e.g. Ecohealth and One Health) which are able to tackle the particular challenges of water and food contaminations, from the source to the consumption by the end-users? (iii) How and where do we need to relevantly implement successful multi-sectorial collaboration for more integrated risks assessment and interventions?

In this paper, I highlight updated knowledge related to the burden of food-borne and water-borne diseases and the importance of environmental factors in the prevention of infectious diseases. I will illustrate two major dimensions of the challenges with selected case studies: (i) the importance of health risks associated to vulnerabilities of water systems under climate change; and (ii) the importance of preventing parasitic infections by integrated water, sanitation and hygiene (WASH) interventions in school environments.

2. Methodology {#sec0010}
==============

I undertook a convenience literature review on food-borne and water-borne diseases (mainly on PubMed) and visited the web pages of major public and global health institutions (e.g. World Health Organization, WHO and the United States Center for Diseases Control and Prevention, CDC). The key terms used in different single searches or in combinations were as follows: water-borne diseases, food-borne diseases, climate change, selected countries (e.g. Burkina Faso, Mauritania and Nepal), Africa, Asia, Oceania, Europe, and America. There was no limitation of the time period, but I gave priority to scientific papers, reports and literature issued in the past 10 years, with a few exceptions related generally to immutable definitions and concepts. The objectives of the review were: (i) to obtain relevant information on the major concepts, facts and figures related to the two disease clusters (i.e. food- and water-borne diseases) and the links between the diseases and environmental factors and (ii) to identify and describe examples of projects related to the particular role of WASH among environmental factors in the prevention of infectious diseases under climate change. For these examples, following the clarification provided by [Fig. 1](#fig0005){ref-type="fig"} and the text above, showing the potential links between climate change and food- and water-borne diseases, I looked after two illustrative project-based case studies, one from each: (i) the potential impact of climate extreme events on infectious diseases through water systems, and (ii) the potential effects of integrated WASH interventions on infectious diseases among school-aged children. For these two case studies, I undertook a review of the respective projects' literature (published protocols and papers, policy briefs and other documentation).

3. Results {#sec0015}
==========

3.1. Food-borne diseases {#sec0020}
------------------------

In 2007, the World Health Organization (WHO) established the Food-borne Disease Burden Epidemiology Reference Group (FERG), in order to estimate the global burden of food-borne diseases ([@bib0260]). The report estimated that 31 selected hazards with food-borne diseases resulted in over 600 million illnesses and 420,000 deaths worldwide. Moreover, it was estimated that the 31 selected hazards induced 33 million DALYs in 2010; and 40% of the food-borne disease burden was among children under 5 years of age. The highest burden per population of food-borne diseases was observed in Africa, and unsafe water used for the cleaning and processing of food was one of the main drivers.

Other estimates have been made for different regions of the world ([@bib0075]; [@bib0105]; [@bib0110]; [@bib0125]; [@bib0130]; [@bib0180]; [@bib0210]). For example, [@bib0140] conducted an estimate for 22 diseases that contributed in 2010 for 2 billion (95% uncertainty interval \[UI\] 1.5--2.9 billion) cases, over one million (95% UI 0.89--1.4 million) deaths and 78.7 million (95% UI 65.0--97.7 million) DALYs ([@bib0140]). The authors estimate that 29% (95% UI 23--36%) of cases caused by the selected diseases, or 582 million (95% UI 401--922 million), were transmitted by contaminated food, resulting in 25.2 million (95% UI 17.5--37.0 million) DALYs. Norovirus was the leading cause of food-borne illness, causing 125 million (95% UI 70--251 million) cases, while *Campylobacter* spp. caused 96 million (95% UI 52--177 million) food-borne illnesses. Of all food-borne diseases, diarrhoeal and invasive infections due to non-typhoidal S*almonella* enterica infections resulted in the highest burden, causing 4.07 million (95% UI 2.49--6.27 million) DALYs.

Food-borne diseases occur through the ingestion of foodstuffs (including water) contaminated with microorganisms or chemicals. The risks of contamination exist in the food chain, from food production to consumption ("farm to fork"), and involve the pollution of water, soil or air. The estimation of food-borne disease burden is complicated because most of the hazards causing food-borne diseases are not transmitted solely by food ([@bib0120]); most have several potential exposure routes consisting of transmission from animals, by humans and via environmental routes, including water. As water plays a major role in the burden of food-borne diseases, the separation of food and water as exposure vehicles is difficult, particularly at the community level. [Table 1](#tbl0005){ref-type="table"} presents the different bacterial, viral, protozoan and toxic agents that are associated with food-borne and water-borne illnesses in humans ([@bib0005]).Table 1Bacterial, viral, protozoan, helminth and toxic agents associated with food-borne and water-borne diseases in humans.Table 1Categories of pathogensSub-groups and agentsBacterial pathogensBacteria causing disease primarily mediated by a performed toxin-*Clostridum botulinum*-*Staphylococus aureus*-*Bacillus cereus*Bacteria causing disease by production of toxins within the intestine-*Vibrio species*-*Clostridum perfringens*-*Shiga toxin-producing Escherichia coli* (*STEC*)-*Enterotoxigenic E. coli* (*ETEC*)Bacteria causing diseases primarily by invading the intestinal epithelial cells-*Salmonella* spp.-*Campylobacter* spp.-*Yersinia* spp.-*Listeria monocytogenes*-*Shigella* spp.-*Enteroinvasive E. coli* (*EIEC*)Other bacterial causes-*Aeromonas* spp.-*Plesiomonas shigelloides*-*Enteropathogenic E. coli* (*EPEC*)-*Enteroaggregative E. coli* (*EAEC*)-*Enterobacter sakazakii*Viral pathogensAstroviruses\
Coronaviruses\
Enteric adenovirus\
Hepatitis A virus\
Hepatitis E virus\
Noroviruses\
Parvoviruses\
Picobirnaviruses\
Reoviruses\
Rotavirus\
Saporo-like viruses\
TorovirusesProtozoan pathogens*Toxoplasma gondii*\
*Cryptosporidium parvum*\
*Giardia intestinalis*\
*Entamoeba histolytica*\
*Cyclospora cayetanensis*\
Microsporidia (*Enterocytozoon bieneusi, Septata intestinalis*)\
*Isospora belli*\
*Dientamoeba fragilis*\
*Blastocystis hominis*Cestodes and nematodes*Taenia saginata*\
*Taenia solium*\
*Diphyllobothrium latum*\
*Hymenolepis nana*\
*Ascaris lumbricoides*\
*Trichuris trichiura*\
*Trichinella spiralis*Natural toxinsCiguatera\
ScrombroidAdapted from [@bib0005].

3.2. Water-borne diseases {#sec0025}
-------------------------

The global burden of infectious water-borne diseases is considerable, and even in high-income countries, water-borne illness continues to be a concern ([@bib0175]). Water-borne diseases generally occur via ingestion of water and are highly linked to the quality of drinking water. Drinking water containing pathogenic microorganisms is the main driver of the burden of water-borne diseases ([@bib0060]; [@bib0175]). Important water-borne diseases include diarrhoeal diseases, cholera, shigella, typhoid, hepatitis A and E, and poliomyelitis ([@bib0255]). Diarrhoeal diseases alone account for an estimated 3.6% of the global burden of disease, as expressed in DALYs and were responsible for of 1.5 million deaths in 2012 ([@bib0255]).

In many countries, health systems face difficulties in the proper collection and reporting of water-borne diseases. This explains why globally reported numbers generally highly underestimate the real incidence of water-borne diseases ([@bib0150]). Good examples in data collection on the matter are found in high-income countries, such as the United States of America where the Water-borne Disease and Outbreak Surveillance System (WBDOSS) has been established that collects data on water-borne disease and outbreaks associated with recreational water, drinking water, and environmental and undetermined exposures to water. In the United States of America and other high-income countries (e.g. Australia and Switzerland), the monitoring systems made it possible to have a large number of studies and reports related to drinking water--associated outbreaks, including highlights of risks associated with *Legionella*, *Cryptosporidium*, *Giardia intestinalis*, campylobacteriosis, *Salmonella* spp., *Listeria* spp. and norovirus ([@bib0010]; [@bib0015]; [@bib0095]; [@bib0115]; [@bib0185]).

In LMICs, the burden of diarrhoeal diseases is estimated at 842,000 deaths per year, including 361,000 in children under the age of 5 years ([@bib0255]). Water-borne disease outbreaks, particularly infectious intestinal diseases, have been attributed to various pathogens, as highlighted in [Table 1](#tbl0005){ref-type="table"} (e.g. bacteria, protozoa, viruses and parasites) and drinking water system characteristics ([@bib0020]; [@bib0165]). Lack of basic hygiene and sanitation and failing infrastructure also remain as two of the greatest challenges in the global fight against water-borne disease ([@bib0100]). Climate change is likely to exacerbate in LMICs the risks for diarrhoeal diseases and other water-borne diseases in the future ([@bib0135]).

3.3. Climate change and health challenges {#sec0030}
-----------------------------------------

The IPCC's recent special report on 1.5°C states that human activities are estimated to have caused approximately 1.0°C of global warming above pre-industrial levels, with a *likely* range of 0.8 °C--1.2°C ([@bib0135]). Global warming is *likely* to reach 1.5°C between 2030 and 2052 if it continues to increase at the current rate (*high confidence*). The consequent increased severity and number of extreme climatic conditions will be accompanied by changes in microbial communities and species interaction ([@bib0230]).

Climate change impacts on health are considered as one of today's greatest public health threat ([@bib0065]). A number of publications highlight that climate change will alter globally the incidence of food-borne diseases, water-borne diseases and diarrheal diseases in particular ([@bib0145]; [@bib0155]; [@bib0190]). In the African region, 91 million illness episodes and 137,000 death every year are attributable to food-borne diseases ([@bib0275]). Diarrheal diseases were responsible for 70% of the burden of these food-borne diseases.

It was reported that extreme temperature and precipitation will impact on enteric pathogens, particularly on faecal-oral pathogens that are present in the environment, increasing the risk of gastrointestinal and diarrhoeal diseases ([@bib0155]). The World Health Organization estimates that, under climate change, an additional 48,000 deaths will occur in children aged below 15 years, mainly due to diarrhoeal diseases by 2030 and 33,000 deaths by 2050 ([@bib0245]). The impact of climate change on diarrhoeal disease is projected to be higher in Asia and Africa. In 2030, sub-Saharan Africa is projected to have the greatest burden of mortality impacts attributable to climate change, while in the 2050, it is likely to have shifted to Southeast Asia.

In countries like Mauritania, WHO estimates that around 2150 individuals, including 1700 children under the age of 5 years, die each year from diarrhoeal diseases and that nearly 90% of these deaths are directly attributed to poor quality of WASH ([@bib0240]). The major food- and water-borne diseases in Mauritania are bacterial and protozoan diarrhoea, hepatitis A, and typhoid fever ([@bib0025]). The West Africa Sahel, including Burkina Faso and Mauritania, is considered one of the world's most vulnerable regions to climate change, as temperature increases are projected to be 1.5 times higher than in the rest of the world ([@bib0220]). For LMICs in general, and West Africa in particular, the challenges of infectious diseases under climate change trends are particularly pronounced, and there are multiple international collaboration efforts underway to deepen risk profiling and to reduce the burden in different contexts (illustrative cases from West Africa are presented below).

3.4. Illustrative case 1: Infectious diseases risks through WASH systems under climate change in LMICs {#sec0035}
------------------------------------------------------------------------------------------------------

The West Africa region recorded a series of extreme events, including flooding in areas that are typically arid and rather dry (e.g. Nouakchott and Ouagadougou) ([@bib0205]). In the context of predominant very simple traditional facilities (latrines), non-disposed solid waste, non-treated wastewater in streets, and traditional sources of water (e.g. unprotected wells), the threat to water quality and consequently to health is important in case of repeated flooding events. This case study highlighted the health risks associated to the vulnerability of water and sanitation systems in the face of climate extreme events in West African medium-sized cities ([@bib0030]; [@bib0055]; [@bib0195]). The case is drawn from a regional project entitled "An Ecohealth Approach to Water and Health Management in relation to Climate Change: Adaptive Strategies to Cope with Drought and Floods in Four West African Countries (Côte d'Ivoire, Mauritania, Senegal and Togo)". The project was conducted in four secondary cities in four countries: (i) Korhogo, Côte d'Ivoire (212,000 inhabitants, located near a dam); (ii) Kaédi, Mauritania (70,612 inhabitants, located near a river); (iii) Ziguinchor, Senegal (269,000 inhabitants, located near a river); and (iv) Kara, Togo (120,000 inhabitants, located near a river). The study objective was to deepen the understanding of the vulnerabilities of community and household water systems in selected medium-sized cities in the face of more frequent rainfalls that could lead to flooding and consequently affect infectious diseases ([@bib0030]).

For the Kaédi case ([@bib0035]), the city is located in the southern part of Mauritania at the border with Senegal, marked by the Senegal River, at about 430 km south of Nouakchott, the capital city of Mauritania. The city has no sewerage system, and families are mainly using on-site sanitation facilities. A number of socio-economic activities occur in the river (e.g. fishing, urban agriculture) involving vulnerable groups including women. The topography is relatively flat, characterized by plains with some hills not exceeding 200 m in height. Therefore, the proximity to the river puts the city at risk of river floods and urban floods.

Most of the households interviewed (94%) reported that flooding had occured in their courtyards after heavy rains. Drinking water systems are marked by the important presence of private water wells, which -- very often -- are not protected (see [Photo 1](#fig0015){ref-type="fig"} ). There were more than 100 wells found in the city; 12% of households have their own wells in the yard and well water constitutes a major source of some families' drinking water in the city (33%).Photo 1Examples of water wells in Kaédi, Mauritania.Photo 1Photo source: Mbra R.K.

Kaédi was divided into three zones, delineated according to different perceived physical vulnerabilities to flooding, considering events that occurred in the recent past: zone 1 (more affected), zone 2 (less affected) and zone 3 (intermediary). The vulnerability assessment of the drinking water systems to floods is presented by zones in a vulnerability map (see [Fig. 2](#fig0010){ref-type="fig"} ) showing the zones with wells under higher threat of flooding and the risks that this could entail for infectious diseases.Fig. 2A map of traditional water wells and their vulnerability to flooding events by zone in Kaédi, Mauritania: Zone 1 (most vulnerable to floods), zone 2 (least vulnerable) and zone 3 (medium vulnerability).Fig. 2Source: [@bib0035].

The study showed that the increasing occurrence of flooding events due to climate variability and change in the context of WASH system vulnerabilities at both the household and community levels, with the predominance of very simple traditional excreta disposal facilities (latrines) and traditional sources of water (like unprotected wells) will threaten water quality and public health. This called for appropriate anticipative and adaptive management strategies, involving water and health sectors, which will be of high interest for hundreds of similar secondary cities in Africa.

3.5. Illustrative case 2: WASH effects on school-aged children's parasitic infections in LMICs {#sec0040}
----------------------------------------------------------------------------------------------

Intestinal parasitic infections and malnutrition among school-aged children are among major interlinked public health problems in Africa ([@bib0080]). This case study highlights the WASH components in an integrated school garden programme for improving the nutritional and health status of school-aged children in Burkina Faso and Nepal. The overarching goal of the project was to produce vegetables at school ([@bib0225]). The specific objectives of the Vegetables go to School project (phase I and II) were to contribute to the improved nutritional security of school-aged children in target countries (Philippines, Nepal, Bhutan, Indonesia, Burkina Faso) through school vegetable gardens linked to other school-based health, nutrition and environmental initiatives, with close participation of local communities ([@bib0225]). The project designed and implemented in all countries and "intervention schools". Some integrated basic interventions comprised of school gardens and education activities including teachers and parents.

The rationale of the added WASH component was based on the following three assumptions ([@bib0040]): (i) inadequate WASH conditions for children may lead to intestinal parasitic infections; (ii) intestinal parasitic infections may hamper children's nutritional status and benefits from school gardens; and (iii) improving WASH conditions may therefore contribute to further expected benefits from nutrition-sensitive programmes. The component aimed at ensuring hygiene in the food chain from production to the eating table, giving particular attention to what the children do or find regarding WASH conditions after attending school (e.g. in the streets or at home). The research team implemented school gardens and integrated educational, nutritional and WASH interventions (see [Table 2](#tbl0010){ref-type="table"} ) with the assumption that these will reduce infectious diseases among children.Table 2Integrated educational, nutritional, and environmental interventions to reduce intestinal parasitic infections among school-aged children.Table 2Categories of interventionsInterventionsWater, sanitation and hygiene (WASH) interventions•Establishment/rehabilitation of latrines at schools for girls and boys (Nepal, Burkina Faso)•Establishment of hand-washing facilities in front of latrines with all-time provision of soap (Nepal, Burkina Faso, Indonesia)•Establishment of safe drinking water storage in every classroom (Nepal, Burkina Faso, Indonesia)•Education and promotion of hygiene behaviour and water treatment options for school children, teachers and caregivers (all countries)•Development of WASH manual and training teachers (Nepal and Burkina Faso)Nutrition interventions•Education and promotion of nutritional knowledge and dietary diversity for school children (all countries)•Cooking activities and recipe development with children's caregivers and school staff (Burkina FasoHealth interventions•Parasitic treatments and/or iron supplementation of infected and anaemic school children (Nepal, Burkina Faso, Bhutan)Health promotion•Health and nutrition promotion booklets for school-children were elaborated covering both nutrition and WASH aspects (Nepal, Burkina Faso)Adapted from [@bib0040].

The WASH component undertook in-depth assessments (quantitative and qualitative) in two countries (Burkina Faso and Nepal) on selected schools (same number of "intervention" and "control" schools) to measure the possible effects of well-integrated and complementary WASH interventions on top of school vegetable garden interventions on school-aged children's health (particularly on intestinal parasitic infections) and nutritional status ([@bib0085], [@bib0090]). In Burkina Faso, a total of 360 school-aged children (182 boys and 178 girls) has complete data records (baseline and 1-year follow-up data) ([@bib0090]). In Nepal, a total of 562 children aged 8--15 years had complete data records ([@bib0200]). In both Nepal and Burkina, between the baseline and the end-line, a significant decrease in total intestinal parasitic infections in both intervention and control schools was found, but most importantly in intervention schools. For example, in Burkina Faso, the prevalence of intestinal parasitic infections decreased both in intervention and control schools, but the decrease was significantly higher in the intervention schools compared to the control schools (odds ratio \[OR\] of the intervention effect = 0.2, 95% confidence interval \[CI\] = 0.1--0.5); and safe hand washing practices before eating and the use of latrines at schools were significantly higher in the intervention schools than in the control schools at the end-line (OR = 6.9, 95% CI = 1.4--34.4, and OR = 14.9, 95% CI = 1.4--153.9, respectively) ([@bib0090]).

The higher decrease of intestinal parasitic infections among children in the intervention schools compared to the control schools (despite the short period between the complete implementation of the interventions and the end-line) showed promise that the effects of correctly implemented WASH interventions, integrated with other interventions, could be considerable on the nutritional status of children.

4. Conclusions and outlook {#sec0045}
==========================

Improvements related to WASH will considerably contribute to the reduction of the total burden of infectious diseases. In LMICs, the increased frequency of floods exacerbates challenges with water pollution and this will increase the risks for food- and water-borne diseases, and various other infectious diseases, that are disproportionally affecting vulnerable groups and areas. Promoting well-targeted and integrated WASH interventions, including at school levels, constitutes an important component of needed strategies for strengthening the resilience of communities and systems at several levels in face of climate change. WASH can significantly reduce risks for water contamination in case of floods, prevent diarrhoeal diseases and parasitic infections and improve both environmental and human health.

Actions for the control of infectious diseases in the future should consider adaptation needs to face climate change impacts. This will require more integrated interventions. Old and new challenges to face need concomitant efforts on several Sustainable Development Goals (SDGs), e.g. SDG 3 (health), SDG 6 (water and sanitation), SDG 11 (cities and human settlements) and SDG 13 (climate change). There is, more than ever, a need of multi-stakeholder engagement and multi-sectorial collaborations for relevant research and integrated interventions at the school, community and household levels. This will also require strengthening the resilience of health systems ([@bib0250]) and reducing the current adaptation gaps globally ([@bib0215]).
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